The effect of nuclear fragmentation in the passage of 180MeV protons through the human body tissue is discussed. Prostate cancer protontherapy with these intermediate-energy protons is discussed in light of model calculation.
The use of heavy charged particles (hadrons) to treat cancer is an old field of research. The advantages of this therapy compared to x-ray or γ-ray therapy are well known and will not be further discussed here [1, 2] . We shall in this short contribution give a preliminary assessment of the nuclear fragmentation effect that accompanies 180M eV proton cancer therapy.
The human tissue is composed by weight of 61% oxygen, 10% hydrogen, 23% carbon and smaller percentages of other elements. When a proton traverses a certain depth of this tissue, it interacts inelastically with the atoms resulting in its energy loss. The formula that describes this loss of energy is called the Bethe-Bloch one, which exhibits a peak at almost the end of the passage distance, commonly referred to as the Bragg peak. For 180MeV protons the Bragg peak occurs at x = 17cm inside the human tissue.
Besides the atomic energy loss, the proton induces nuclear fragmentation which generates other smaller nuclei at almost zero kinetic energy plus secondary protons of 2/3 of the incident proton energy. In this short contribution we study this effect.
We use the abrasion-ablation model for the fragmentation process developed by Carlson et al. [3] . This model hinges on the idea that the fragmentation occurs in two steps: an abrasion of several nucleons or clusters followed by ablation or evaporation of the hot residues. The input into such calculation is the value of the nucleon-nucleon total cross section at the corresponding laboratory energy (E Lab ∼ 180M eV ), the density profile of the target nuclei and the energy balance that determines the temperature of the residues. The energies of the residual fragments (resulting from evaporation) can be calculated.
For this purpose we used the statistical model derived by Goldhaber [4] where the momentum distribution of projectile-fragments is explained in terms of the rms momentum of the nucleons in the original projectile.
Conservation of momenta gives (that is, A target nucleons assembled with zero net three momentum)
The symbol implies statistical average and it is assumed that the momenta are distributed randomly (Fermi motion).
Accordingly,
We know that for a Fermi gas p
with p F ermi being the Fermi momentum given roughly by
If a fragment of mass F is emitted from the nucleus A, then the momentum distribution is described by a Gaussian function with a width σ 2 (the momentum dispersion of a F mass fragment) as:
which using eq. (2) gives:
The energy range of the internal motion of fragment F is simply:
or, in M eV :
where A is the target mass and F is the fragment mass. We must observe that in a measurement of the momentum distribution of the fragment, a given Cartesian component is tagged. In this case we replace p 
The result of the model calculation for E = 180M eV protons indicates that oxygen fragments mostly into:
In the case of the fragmentation of 12 C, we find:
All these nuclei have very small kinetic energies and may act as targets (ionized) for the impinging proton beam. Though this effect is probably quite small, a slight dispersion in the Bethe-Bloch formula may result as a consequence of secondary interactions. The detailed calculation of this effect is in progress and will be reported elsewhere.
Clearly, the human tissue is warm with an average temperature of about 310
• K. In the calculation of the reaction rate we have to take into account the thermal motion of the atoms (nuclei) through an appropriate Maxwell-Boltzmann factor. The center of mass energy of a 180M eV proton impinging on a A mass target is
The reaction rate is given by (for the production of species i )
where v is the relative velocity, v = √ 2µE CM , with µ = A A+1 m 0 , σ i (E CM ) the cross section, n A the density of target nuclei and m 0 is the nucleon mass (m 0 c 2 931M eV ). The above formula for the reaction rate is quite commonly used in astrophysics to calculate the production of elements in stars as well as in the field of cold atoms where the temperature is gradually reduced to exceedingly small values. The use of a Maxwell-Boltzmann distribution for the velocity of the primary targets is a common procedure to incorporate thermal effects in such calculations.
E T is the kinetic energy of the target nuclei in the center of mass of the p + A system. Thus
to be compared to the energy E CM that appears as the argument of the cross-section.
In the energy range corresponding to the Fermi motion of the fragment, the cross section may be taken constant (as a function of E CM ) and the resulting Gaussian integral from eq.(11) can be analytically evaluated. We find:
where α = 
The temperature would influence the reaction rate by a small amount. However it is important to keep in mind the equation [11] for the assessment of the effect of possible variation of the temperature in different regions of the tissue. We are currently studying this effect.
